(CCCM) dataset are used to investigate the effects of 12 different cloud types (defined by their vertical structure) on the regional energy budget of SWA (5-10°N, 8°W-8°E) during June-September. We show that the large regional mean cloud radiative effect in SWA is due to non-negligible contributions from many different cloud types; 8 cloud types have a cloud fraction larger than 5 % and contribute at least 5 % of the regional mean shortwave cloud radiative effect at the top of atmosphere. Low-clouds, which are poorly observed by passive satellite measurements, were found to cause net radiative cooling of the atmosphere, which reduces the heating from other cloud types by approximately 10 %. The sensitivity of the radiation budget to underestimating low-cloud cover is also investigated. The radiative effect of missing low-cloud is found to be up to approximately -25 W m -2 for upwelling shortwave irradiance at the top of atmosphere and 35 W m -2 for downwelling shortwave irradiance at the surface. To evaluate the reliability of these calculations, we perform a point-to-point comparison be-
154
tween calculated irradiances at the TOA and coincident CERES observations, as shown in Fig. 2 .
155
SOCRATES irradiances corresponding to different CCCM groups are weighted by the fraction of 156 the corresponding CERES footprint they occupy. Due to differences in swath and pixels sizes be-
157
tween the different instruments (e.g. Fig. 1 ), the CCCM group profiles used for our radiative trans-
158
fer calculations correspond to a narrow swath within the coincident CERES footprint, rather than 159 the entire footprint. This representativeness difference may lead to non-negligible discrepancies 160 between calculated and CERES-observed irradiances. However, we expect these discrepancies to 161 be random, rather than systematic; therefore, this intercomparison provides a fair evaluation of our 162 calculations. In general, the calculations show good agreement with the CERES measurements. is evident in Fig. 2b , as a significant proportion of the calculated irradiances are much lower than 168 the coincident CERES observations.
169
The potential causes of the large bias in the calculated daytime OLR include the input CCCM 170 group profiles and the approximations made in the SOCRATES scheme. The representativeness difference, highlighted above, is not expected to cause systematic differences between the cal-172 8 culations and the CERES observations. For each CERES footprint, the CCCM dataset includes radiative fluxes computed using various different treatments of clouds and aerosol. Interestingly,
174
the CCCM irradiance calculations suffer from a similar magnitude daytime OLR bias in the DAC-
175
CIWA region (Ham et al. 2017) . The large bias also persists when we re-ran SOCRATES with the 176 temperature-dependent parameterization of ice optical properties described by Baran et al. (2016) .
177
These findings help rule out the possibility that the OLR bias is due to the radiative transfer models 178 themselves.
179
Cloud extinction within each CCCM group profile is normalized so that the total cloud optical 180 depth matches that retrieved from MODIS. As different algorithms are used to retrieve cloud op-
181
tical depth from MODIS measurements during the day and at night (Minnis et al. 2011) , differing
182
biases between day and night may be expected. However, one would expect the MODIS optical 183 depth retrieval to be more reliable during the day when the SW measurements provide additional 184 information. The OSR bias is relatively small, which suggests that the daytime total cloud optical 185 depth is reasonable. Consequently, the error in the CCCM group profiles is most likely in the 186 vertical distribution of cloud extinction, which has a large effect on the OLR but little effect on 187 OSR.
188
One possible bias in the input CCCM group profile is the misattribution of low-cloud extinc-189 tion detected by MODIS to higher altitude cloud in the CCCM dataset, due to undetected low- identify isolated low-clouds, since high clouds in the other two categories will obscure low-clouds.
255
In this article we calculate the cloud radiative effect (CRE) by 
261
Let f i, j be the fraction of the i-th CERES footprint occupied by the j-th CCCM group profile,
262
and CRE i, j be the corresponding CRE (See Fig. 3 ). Then the regional mean CRE can be calculated
where n i is the number of CCCM group profiles (at most 16) in the i-th CERES footprint.
265
After classification, each CCCM group profile corresponds to one of 13 scene types. The con-
266
tribution from each scene type to the regional mean CRE (CRE k ) can be calculated by
where t(i, j) is the scene type of the j-th CCCM group profile in the i-th CERES footprint and 268 δ t(i, j)k is the Kronecker delta function, which equals one if t(i, j) = k and zero otherwise. This 269 δ t(i, j)k term ensures that only scenes of type k are included in the contribution of scene type k to 270 the regional mean CRE.
271
Using these 13 scene types, since each CCCM group profile is assigned to a single scene type,
272
we can rewrite the CRE as
Since the CRE for the clear-sky scene is zero, in practice we only need to sum over the 12 cloud 274 types.
275
To provide further insight into how different cloud types affect the regional energy budget, the 276 contribution to the total cloud radiative effect from each cloud type (CRE k , eq. 3) can be fur-
277
ther decomposed into its frequency of occurrence (F k ) and mean coincident cloud radiative effect
278
(CCRE k : the mean radiative effect calculated using only the CCCM group profiles that correspond 279 to that cloud type). F k is calculated by summing the fraction of each CERES footprint assigned to 280 that cloud type k and dividing by the total number of CERES footprints:
type k, weighted by the fraction of a CERES footprint assigned to each CCCM group profile:
Then the contribution from each cloud type to the regional mean cloud radiative effect (CRE k ) can 284 be calculated by
This decomposition can also reveal hidden biases in atmospheric models, where compensating er- to the representativeness differences between CERES and CloudSat-CALIPSO. As a result, we 331 determine these thresholds based on the mean spatial variability between CERES measurements.
332
We first calculate mean absolute differences in the irradiance for adjacent CERES pixels along the
333
CloudSat-CALIPSO flight track. The thresholds are set as the 90th percentile of these differences,
334
with independent thresholds for the SW and LW. 
344
This is consistent with the low-cloud misattribution hypothesis, because these are the cloud types 345 for which the extinction from any missing low-cloud will be attributed to high cloud and thus have 346 a particularly large effect on the OLR. Generally, the magnitude of the calculation uncertainty is 347 quite small (less than 1.5 W m -2 ), with the exceptions being the calculation uncertainty for the to SW diurnal approximation uncertainty, and HL due to calculation uncertainty in the LW. compared to CERES (Fig 2b) . Moreover, these larger daytime ice mass mixing ratios may not be 414 realistic, and are consistent with the low-cloud misattribution hypothesis. that the exclusion has a relatively small effect on the mean daytime SW or nighttime LW CCRE,
but has a larger effect on the mean LW daytime CCRE. Figure 6 shows the contribution to the regional mean SW CRE at TOA, at the surface, and within types.
436
The contribution of the 12 different cloud types to the surface CRE (Fig. 6b) is similar to the 437 TOA both in total magnitude and relative contribution of the different cloud types (Fig. 6a ). This 438 is because SW atmospheric absorption is small and most of the SW extinction is due to scattering.
439
As SW atmospheric absorption is small, the surface and TOA CREs are of a similar magnitude,
440
and the in-atmosphere CRE is small. The small in-atmosphere CRE that does occur (Fig. 6c) is low-cloud (1L), has a rather small impact on the LW CRE at the TOA, as it has a small CCRE 448 (Fig. 5b) . The three dominant cloud types account for approximately 60 % of the regional mean
449
LW CRE at the TOA, so as in the SW, other cloud types make a non-negligible contribution to the 450 regional mean CRE.
451
At the surface, the LW CCRE is strongly dependent on cloud base height. Consequently, the the SW CRE at all heights, and the LW CRE at the TOA, other cloud types make non-negligible 456 contributions to the regional mean LW CRE at the surface.
457
As the TOA and surface LW CREs are quite different, the in-atmosphere CREs show a large 458 range between cloud types. In the presence of isolated low-clouds, the net LW irradiance increases 459 at the surface and decrease at the TOA. Since the magnitude of the former is greater than the latter, 460 isolated low-clouds cause LW cooling of the atmosphere, as shown in Fig. 7c 1L but smaller TOA LW CRE in the day for 1H). These day-night differences are primarily due to 472 the contrasting frequencies of occurrence between day and night (Fig. 4) , except for the HL cloud 473 type, where the day-night differences are primarily due to differences in the CCRE (Fig. 5) . for the SW and LW, resulting in a total of 6 values that are combined by summing in quadrature.
489

22
The diurnal mean total irradiances tend to be small due to cancellation between LW and SW HxMxL, (See Fig. 3 for definitions) which have frequencies of 12, 14, 19, and 10 %, respectively.
566
Contributions from different cloud types to the regional mean cloud radiative effect depend not 567 only on their frequencies, but also on their mean coincident radiative effects (CCRE), which are 568 linked to cloud thickness in the SW, and cloud top and base height in the LW.
569
The regional energy budget links cloud radiative effects to precipitation and circulation (e.g. Hill time. This is thought to be due to problems identifying low-cloud from satellites, which may lead 587 to the misattribution of low-cloud extinction to higher clouds in the CCCM dataset.
588
Focusing on low-cloud, we have shown that it occurs much more frequently below other clouds
589
(30 %) than by itself (12 %). As a result, passive satellites, which are unable to detect low-cloud 590 beneath other clouds, will miss much of the low-cloud in SWA. Isolated low-cloud (1L) is the 591 only cloud type that contributes a net cooling to the atmosphere. This is due to LW cooling of 592 the atmosphere, which predominantly occurs within the cloud, and is due to an increase in the 593 downwelling LW irradiance. This is offset by relatively large (compared to the other cloud types)
594
SW heating of the atmosphere, due to gaseous absorption of the increased upwelling SW radiation 595 that is reflected by the cloud.
596
Discontiguous low-cloud plays a less obvious role in reducing cloud radiative heating of the 597 atmosphere. When low-cloud co-occurs with higher cloud, the radiative heating of the atmosphere 598 due to the higher cloud tends to be larger than the cooling effect of the low-cloud. However, the 599 radiative heating of the atmosphere is less than it would be in the absence of the low-cloud. For 
615
We anticipate that these calculations will provide a useful tool for evaluating cloud radiation . Uncertainty due to errors in our calculations is illustrated by the constrained calculations, which exclude CCCM group profiles where the SOCRATES-CERES TOA differences are large, as explained in section 2e.
Error bars show the 95% confidence interval based on bootstrapping. 
